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Introduction 65 Rhizobia are gram-negative soil bacteria and have the ability to establish a 66 nitrogen-fixing symbiosis on the roots of legume plants [1, 2] . This legume-rhizobium 67 symbiosis is of great agronomic importance and allows the plant to grow successfully 68 in the absence of externally supplied nitrogen fertilizer [1] . Using the 69 legume-rhizobium symbiosis to improve soil fertility is also an effective way to 70 rehabilitate infertile land. 71 72 Among rhizobia, Bradyrhizobium diazoefficiens USDA 110 (previously named 73 Bradyrhizobium japonicum USDA 110) is the most agriculturally important rhizobial 74 bacterium as it is able to specifically infect soybean (Glycine max), one of the 75 important legume plants in the world, and form a nitrogen-fixing symbiosis [3] . 76 Furthermore, G. max-B. diazoefficiens is one of the most studied soybean-rhizobium 77 symbiotic models [4] . Given the importance of such unique feature of legumes, 78 further studies on the mechanisms of the soybean-rhizobium symbiosis are of 79 particular interest. Importantly, the genome sequences of both B. diazoefficiens USDA 80 110 and G. max are now available [3, 5] , and provide an opportunity to better 81 understand the mechanism of symbiotic features in terms of genomics and 82 proteomics. 83 84 In B. diazoefficiens USDA 110, several genes related to various stages of the 85 symbiosis process have been identified [3] . In soybean, comparative genomics 86 analysis of legumes also predicted several nodulin genes [5] . Additionally, microarray 87 approaches and RNA-seq analysis in soybean revealed a large number of genes 88 differentially regulated during the symbiosis [4, 6, 7] . However, none of the above 89 studies have focused on the complex interactions between candidate symbiosis-related 90 genes. Generally, the proteins in the symbiosis process function as a complex network, 91 which combines complex chemical, physical and biological interactions between 92 rhizobial bacteria and their host plants [8] . To better elucidate the complex microbial 93 5 communities and investigate the mechanism of nitrogen-fixing symbiosis, it is 94 necessary to construct the protein interactions between rhizobium and their host 95 legume plants [9] . 96 97 For any host-microbe system (including legume-rhizobium symbiosis and 98 host-pathogen system), it is important to understand the mechanism by which the 99 symbiotic or pathogenic bacteria can infect its host. As is known, one of the infection 100 processes of any host-pathogen system is via protein-protein interactions (PPIs) 101 between pathogen proteins and their host proteins [10] . PPIs are the associations of 102 proteins with each other. They play crucial roles in the infection process and in 103 initiating a defense response [11] [12] [13] . To date there have been several studies that have 104 focused on the interactions among the protein networks of a host and a pathogen, and 105 identified many new candidate proteins associated with the invasion [11, [13] [14] [15] [16] . 106 However, PPI network analyses between two species have not been applied to 107 legume-rhizobium symbiosis studies. Therefore, we attempted to construct the PPI 108 interactome between soybean proteins and B. diazoefficiens USDA 110 proteins at a 109 genome scale; such an investigation represents a critical step for studying the 110 molecular basis of soybean-rhizobium symbiosis. 111 112 In the past decade, a series of computational approaches for PPI prediction have been 113 developed [16, 17] , and these now play important roles in complementing the various 114 experimental approaches. The existing computational approaches for PPI prediction 115 have exploited diverse data features, which include domain and motif information 116 [18] [19] [20] [21] , network topology [21, 22] , gene ontology (GO) [18] [19] [20] , gene expression 117 [18, 19] , protein sequence similarity [14, 23] , and pathway analysis [24] . At present, 118 the interolog and domain-based approaches [25] [26] [27] are widely used [14, 15, 28] . The 119 interolog method is based on protein sequence similarity to conduct the PPI prediction, 120 which maps interactions in the source organism onto the target organism to find 121 possible interactions in the target organism [25, 26] . The domain-based method uses 6 domain interaction information and relies on the principle that if a protein pair 123 contains an interacting domain pair, the two proteins are expected to interact with 124 each other [27] . 125 126 In this study, we predicted a protein-protein interaction network between G. proteins are secreted or membrane proteins (Table S2) , which have the possibility to 158 interact with G. max proteins. Using the pipeline shown in Figure 1 and filtered by 159 above 2356 secreted or membrane proteins, 5115 PPIs between 2291 soybean proteins 160 and 290 B. diazoefficiens USDA 110 proteins were predicted ( Figure S1 ; Table S3 ). In 161 addition, 233545 intra-species PPIs in soybean (Table S4) found to be expressed in symbiosis bacteroids (Table S6 ). (Table S4 ). (Table 3) . To further understand the functions of the twenty 12 hubs, we performed KEGG pathway enrichment analysis for the proteins interacting 301 with each of the twenty hubs. These results are listed in Supplementary Table S10.   302   303 In soybean, the top ten hubs included two 14-3-3 proteins, a Pumilio 7 protein, five 304 heat shock proteins (HSPs) and two ADP/ATP carrier proteins (Table 3 ). The KEGG 305 pathways for the two 14-3-3 proteins contained two-component systems (TCSs), 306 Tryptophan metabolism and Oxidative phosphorylation (Table S10) Based on an analysis of the PPI networks, we can better understand the web of 322 interactions that takes place inside a cell. One method to better understand the entire 323 network is to partition it into a series of subnetworks. In the present study, we selected 324 two subnetworks that separately contain SNAREs and 14-3-3 proteins for further 325 analysis to identify candidate proteins related to symbiosis ( Figure 3 ). interactions, a subnetwork in Figure 3B was selected to test the interactions in vivo. 359 As a result, nine were confirmed ( Figure 4) The network predicted in this study is relatively reliable. The reasons are as follows. 378 First, nine predicted PPIs in a sub-network containing two 14-3-3 proteins (SGF14g 379 and SGF14k) showed an interaction signal via the LCI assay ( Figure 4 ). Meanwhile, 380 nine soybean nodulation-related genes predicted in this study have been 381 experimentally confirmed to be involved in RNS (Table S9) (Table S10) . 473 Yuan et al. Our PPI prediction was mainly based on the interolog method, along with the 545 domain-based method to improve prediction accuracy. In the interolog method 
JC sim t t is the set of common ancestors of terms t 1 and t 2 in the ontology, and 592 ranges between 0, for no similarity, to 1, for highest similarity. We used sim JC for 593 referring to this score. As GO annotation classifies functions of a protein according to 
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of target genes were amplified by polymerase chain reaction from total RNA (Table   628   S11 
